Neuregulin 1 (NRG1) and ErbB4, critical neurodevelopmental genes, are implicated in schizophrenia, but the mediating mechanisms are unknown. Here we identify a genetically regulated, pharmacologically targetable, risk pathway associated with schizophrenia and with ErbB4 genetic variation involving increased expression of a PI3K-linked ErbB4 receptor (CYT-1) and the phosphoinositide 3-kinase subunit, p110δ (PIK3CD). In human lymphoblasts, 3, 4, 5 triphosphate [PI(3, 4, 5 )P3] signaling is predicted by schizophrenia-associated ErbB4 genotype and PIK3CD levels and is impaired in patients with schizophrenia. In human brain, the same ErbB4 genotype again predicts increased PIK3CD expression. Pharmacological inhibition of p110δ using the small molecule inhibitor, IC87114, blocks the effects of amphetamine in a mouse pharmacological model of psychosis and reverses schizophrenia-related phenotypes in a rat neonatal ventral hippocampal lesion model. Consistent with these antipsychotic-like properties, IC87114 increases AKT phosphorylation in brains of treated mice, implicating a mechanism of action. Finally, in two family-based genetic studies, PIK3CD shows evidence of association with schizophrenia. Our data provide insight into a mechanism of ErbB4 association with schizophrenia; reveal a previously unidentified biological and disease link between NRG1-ErbB4, p110δ, and AKT; and suggest that p110δ is a previously undescribed therapeutic target for the treatment of psychiatric disorders.
Neuregulin 1 (NRG1) and ErbB4, critical neurodevelopmental genes, are implicated in schizophrenia, but the mediating mechanisms are unknown. Here we identify a genetically regulated, pharmacologically targetable, risk pathway associated with schizophrenia and with ErbB4 genetic variation involving increased expression of a PI3K-linked ErbB4 receptor (CYT-1) and the phosphoinositide 3-kinase subunit, p110δ (PIK3CD). In human lymphoblasts, NRG1-mediated phosphatidyl-inositol,3,4,5 triphosphate [PI (3, 4, 5) P3] signaling is predicted by schizophrenia-associated ErbB4 genotype and PIK3CD levels and is impaired in patients with schizophrenia. In human brain, the same ErbB4 genotype again predicts increased PIK3CD expression. Pharmacological inhibition of p110δ using the small molecule inhibitor, IC87114, blocks the effects of amphetamine in a mouse pharmacological model of psychosis and reverses schizophrenia-related phenotypes in a rat neonatal ventral hippocampal lesion model. Consistent with these antipsychotic-like properties, IC87114 increases AKT phosphorylation in brains of treated mice, implicating a mechanism of action. Finally, in two family-based genetic studies, PIK3CD shows evidence of association with schizophrenia. Our data provide insight into a mechanism of ErbB4 association with schizophrenia; reveal a previously unidentified biological and disease link between NRG1-ErbB4, p110δ, and AKT; and suggest that p110δ is a previously undescribed therapeutic target for the treatment of psychiatric disorders. neuregulin 3 | AKT | development | neuroleptic S chizophrenia is a severe neuropsychiatric disorder with a complex genetic etiology (1) . Polymorphisms in the secreted growth factor neuregulin 1 (NRG1) have been associated with risk for schizophrenia (2) (3) (4) and recently, common genetic variation and structural microdeletions in ErbB4, a receptor tyrosine kinase for NRG1, have also been associated with the disorder (5-9). NRG1-ErbB4 signaling plays a critical role in neural development and synaptic plasticity (10) (11) (12) and NRG1 and ErbB4 mutant mice exhibit behavioral alterations (2, (12) (13) (14) consistent with other murine models of schizophrenia (15) . Schizophrenia-associated genetic variation in these genes is implicated in human brain structure and function (6, 16, 17) , but the biological mechanisms accounting for these diverse effects and how they translate into illness are unclear.
Increased NRG1 and ErbB4 expression has been observed in schizophrenia postmortem brain tissue (5, 7, 18) and in neurons derived from induced pluripotent stem cells (IPSCs) of patients (19) . Risk-associated polymorphisms in these genes affect expression of specific NRG1 and ErbB4 isoforms in human brain (7, 18, 20) . In particular, risk polymorphisms in ErbB4 (rs7598440, rs839523, and rs707284) predict increased expression of the ErbB4 CYT-1 receptor (5, 7), one of two biologically occurring ErbB4 isoforms, the other being ErbB4 CYT-2 (21) . Unlike ErbB4 CYT-2, ErbB4 CYT-1 includes a phosphoinositide 3-kinase (PI3K)-binding site and is capable of activating the PI3K pathway (21) (22) (23) (24) . Class IA PI3Ks are activated by receptor tyrosine kinases and exist as obligate heterodimers (25, 26) consisting of a p110 catalytic subunit (PIK3CA, PIK3CB, and PIK3CD encode the isoforms p110α, p110β, and p110δ, respectively) and a p85 regulatory subunit (PIK3R1, PIK3R2, and PIK3R3, which encode the p85α, p85β, and p55γ isoforms, respectively) (25) . PI3K signaling in turn mediates NRG1-induced cell survival and neuronal and synaptic development (21) (22) (23) (24) . These findings implicate aberrant PI3K signaling as a potential pathogenic effect of schizophrenia-associated variation in ErbB4.
In this study, we have used a translational systems biology approach incorporating patient-derived lymphoblastoid B-cell lines (LCLs), human postmortem brain, and human molecular and clinical genetics combined with proof-of-concept pharmacological studies in rodents to test the hypothesis that abnormal PI3K signaling is related to schizophrenia-associated variation in ErbB4. Together our findings support this hypothesis, refine our knowledge of the signaling partners affected downstream of ErbB4, identify a previously unknown role of the lipid kinase, PIK3CD, in NRG1 signaling and schizophrenia, and implicate PIK3CD as a previously undescribed therapeutic target.
Results

Schizophrenia and ErbB4 Risk Genetic Variation Are Associated with
ErbB4 CYT-1 Levels. SNPs associated with expression of single genes are frequently associated with expression of other genes in the same biological pathway (27, 28) . We tested whether ErbB4 SNPs have biological utility to dissect transcriptional networks downstream of their association with genetic risk for schizophrenia and expression of ErbB4. We established LCLs from schizophrenia patients and normal controls (n = 55) and using real-time quantitative RT-PCR (QPCR), determined expression traits for ErbB4 splice isoforms and downstream signaling partners. We found that human LCLs express JM-a/CYT-1 ErbB4 transcripts; thus the ErbB4 isoform aberrantly elevated in the brain in schizophrenia and regulated by a risk-associated haplotype in ErbB4 (5, 7) can be studied in this human peripheral cell model. We observed in schizophrenia that ErbB4 CYT-1 mRNA is increased [F(5, 50) = 3.81; P = 0.04, Fig. 1A] and that the ErbB4 risk haplotype (AGG; rs7598440, rs839523, rs707284) is associated with elevated ErbB4 CYT-1 transcription [F(5, 50) = 4.0; P = 0.01, Fig. 1B ] in both controls and patients. These findings are consistent with and provide independent replication of analogous illness and genetic associations derived from human brain (5, 7) . Interestingly, individuals homozygous for the nonrisk haplotype had undetectable levels of ErbB4 mRNA or protein (Fig. 1B) . Human LCLs also expressed abundant ErbB2 and ErbB3, the two other receptors that mediate NRG1 signaling (Fig. 1A) . ErbB3 levels were significantly reduced in patient LCLs [F(1, 55) = 3.80; P = 0.04, Fig. 1A ], as also reported in postmortem human brain (29) (see below). ErbB3 levels, however, were not associated with the ErbB4 risk haplotype (P > 0.5) or correlated with ErbB4 levels (P > 0.9). Together, these findings illustrate the fidelity of the human LCL as a model for examination of the genetic regulation of NRG1-ErbB4 signaling and replicate, in an independent sample of living subjects, previous findings in postmortem brain in schizophrenia, including elevation of ErbB4 CYT-1 expression, the impact of ErbB4 risk polymorphisms on ErbB4 CYT-1 expression (7), and reduced ErbB3 expression (29) .
PIK3CD Levels Are Associated with Schizophrenia and ErbB4 Genetic
Variation. The evidence that ErbB4 CYT-1 is associated with risk genetic variation in ErbB4 and schizophrenia in both brain and LCLs suggests that the PI3K signaling pathway, to which the receptor is coupled, is where the downstream effects of NRG1-ErbB4 alterations are mediated. In LCLs, we examined quantitative expression of class IA PI3K gene transcripts and found two, the catalytic subunit, PIK3CD, and the regulatory subunit, PIK3R3 that were increased in schizophrenia and associated with ErbB4 risk genotype. In a multiple-regression analysis, 23% of the variance in PIK3CD expression was explained by two factors [full model F(3, 52) = 5.0, P = 0.004], schizophrenia and ErbB4 haplotype, with a 40% increase in schizophrenia (P = 0.002, Fig. 1C ) and greater expression in all subjects with the ErbB4 AGG risk haplotype (P = 0.01, Fig. 1D ). The increased expression of PIK3CD in patients was seen in each genotype group, indicating an effect of illness that is independent of genotype ( Fig. 1D) . A similar compound effect on PIK3R3 mRNA expression was also seen, with 17% of the variance [full model F(3, 52) = 3.4, P = 0.025] explained by schizophrenia (P = 0.05, Fig. 1C ) and by the ErbB4 haplotype (β = −0.26; t = −2.0; P = 0.04; mean ± SD; AGG/AGG, 0.41 ± 0.28; AGG/nonrisk, 0.36 ± 0.16; nonrisk/nonrisk, 0.31 ± 0.1).
PIK3CD is the predominant p110 catalytic subunit expressed in B lymphocytes (30) and high levels of expression are also reported in the embryonic mouse nervous system (31) . Interestingly, PIK3CD associates in vitro, nonselectively with p85 regulatory subunits (25) and targeted deletion of the PIK3CD gene in mice produces compensatory changes in the p85 and p55 regulatory genes (32) . Thus, we hypothesized that the change in PIK3R3 was a secondary effect, i.e., that expression of PIK3CD would predict expression of PIK3R3 and account for its relative increase. In human LCLs, we found positive correlations between PIK3R3 and PIK3CD transcripts (Spearman's rho = 0.41, P = 0.002) independent of ErbB4 genetic variation, and the effect of ErbB4 genetic variation and schizophrenia on PIK3R3 expression was explained by PIK3CD alone [model F(4, 51) = 3.9, P = 0.007; β = 0.43; t = 3.1; P = 0.003], suggesting that altered PIK3R3 expression is secondary to changes in PIK3CD. These correlational data combined with evidence implicating PIK3CD but not PIK3R3 genetically in schizophrenia (see below) suggest that the primary PI3K abnormality in the pathway concerns PIK3CD. Our results indicate an influence of ErbB4 risk-associated genetic variation and disease on quantitative expression of PIK3CD in the same directionality as ErbB4 CYT-1. To test whether these effects are specific to the PI3K pathway, we also examined expression of genes in the ERK-MAPK pathway (GRB2, SOS1, and MAPK1) to which ErbB4 CYT-1 also couples (22) . No diagnostic or genotype effects were observed (Fig. S1 ). (Fig. 1E) . Furthermore, the ErbB4 risk haplotype differentially predicted NRG1-induced [PI(3,4,5)P3] levels ( Fig. 1F) , as did PIK3CD mRNA (P = 0.009; β = −0.37; t = −2.7) and protein expression (P = 0.05; β = −0.20; t = −1.49). No differences were observed in "baseline" [PI (3, 4, 5) P3] between the groups (P > 0.5). In the patients alone, a dramatic 76% of the variance in NRG1-induced [PI(3,4,5)P3] production was explained by three factors, ErbB4 genotype, PIK3CD mRNA, and PIK3CD protein levels [full model F(3, 17) = 15.43, P < 0.00001].
The multiple-regression model identified complex and competing relationships of these factors. Genotype independently predicted a relatively enhanced response to NRG1 stimulation in LCLs from patients homozygous or heterozygous for the ErbB4 risk-associated haplotype (P < 0.0001; β = −0.90; t = −6.2; Fig. 1F) , consistent with the effect of this haplotype on ErbB4 CYT1 and PIK3CD expression and its effects also in normal subjects (Fig. 1 A,  B, and F) . However, in addition, inverse correlations were observed in schizophrenia between both PIK3CD mRNA and protein levels and [PI(3,4,5)P3] production, independent of genotype (Fig. S2) . These findings, although unexpected, are consistent with published reports in cancer, in which pathologically elevated levels of PIK3CD result in dampened PI3K signaling (33, 34) . In schizophrenia, elevated PIK3CD expression and blunted NRG1-induced [PI(3,4,5)P3] production are consistent with this biological effect. These biochemical data suggest that the genetic association with elevated ErbB4 CYT1 and PIK3CD expression reflects a complex dysregulation of this pathway in schizophrenia and that pathological levels of PIK3CD in patients negatively impacts PI3K signaling.
PIK3CD also mediates B-cell antigen receptor (BCR)-mediated [PI(3,4,5)P3] production (35) . If the molecular effect of the ErbB4 schizophrenia-associated haplotype is specifically related to NRG1/ErbB4-stimulated PIK3CD activation, then there should be no association with CD19/BCR-induced activation of PIK3CD. We observed no association [full model F(2, 25) = 2.0, P > 0.15; diagnosis, P > 0.13; haplotype, P > 0.31]. Hence, schizophrenia and the ErbB4 risk haplotype appear related specifically to an NRG1-ErbB4-CYT-1-PIK3CD pathway, rather than there being a more generalized abnormality of PI3K signaling.
PIK3CD Expression in Human Brain Is Associated with ErbB4 Risk
Polymorphisms and Down-Regulated by Antipsychotic Medication in the Rat. Given the cellular and context specificity of molecular networks and the potential concern with LCLs that gene expression patterns can be related to clonal or transformed cells (36), we assessed expression phenotypes related to the ErbB4-PI3K pathway in postmortem human brain. Consistent with the LCL data ( Fig. 1) , the ErbB4 risk haplotype predicted increased PIK3CD mRNA expression in hippocampus and in dorsolateral prefrontal cortical gray matter (DLPFC) of normal individuals, two brain regions prominently implicated in the pathophysiology of schizophrenia (Fig. S3A) , suggesting that genetic regulation of levels of ErbB4 and PIK3CD are normally tightly regulated in brain and the periphery. We also replicated in brains of separate individuals the finding in LCLs (Fig. 1 ) of increased PIK3R3 expression in schizophrenia (Fig. S3B) and of a decrease in ErbB3 mRNA in DLPFC [F (1, 105) = 5.35; P = 0.023, mean ± SD; controls, 2.95 ± 1.3, n = 73; schizophrenia, 2.34 ± 0.9, n = 32].
In contrast, patients with schizophrenia showed no association between ErbB4 risk genotype and PIK3CD levels in either the hippocampus or the DLPFC (P > 0.5) and no increase in PIK3CD expression (Fig. S3C) . We hypothesized that this may be due to effects of antipsychotic medications (this confounder likely does not apply to the LCLs in view of their transformation and multiple passages). Consistent with this possibility, PIK3CD mRNA levels tended to correlate negatively with lifetime neuroleptic exposure (r = −0.268; P = 0.07) in patients with schizophrenia. To further examine this experimentally, we administered haloperidol, a standard antipsychotic drug, to rats for 28 d and found that treatment led to specific reductions of PIK3CD gene expression in brain (Fig.  S3D) . It is particularly noteworthy that haloperidol treatment did not affect PIK3R3, ErbB4, or ErbB3 mRNA expression (Fig. S4) . Unlike PIK3CD, these transcripts all show consistent alterations in the brain and LCLs of patients with schizophrenia. These data, as well as providing a possible explanation for the normal expression
These results in human and rat brain, together with the evidence that schizophrenia and the ErbB4 risk haplotype are both associated with increased PIK3CD expression in patient-derived LCLs, suggest that rationally designed drugs specifically inhibiting the PIK3CD protein (p110δ) may represent a targeted therapeutic approach for the treatment of schizophrenia. We next explored this possibility. (15, 37) . The rodent amphetamine model of psychosis has considerable face validity and all current antipsychotic drugs demonstrate efficacy in this model (37) . To test the therapeutic potential of specific inhibition of the p110δ catalytic subunit, we treated animals with a selective small-molecule inhibitor of p110δ (IC87114) or vehicle before administration of amphetamine (0.75 mg/kg and 1.5 mg/kg). IC87114 specifically antagonizes p110δ over a concentration range of 0.1-10 μM and the IC 50 of the compound is 100 nM (38, 39) . IC87114 treatment dramatically blocked amphetamine-induced hyperlocomotion, suggestive of antipsychotic potential ( Fig. 2A) . Moreover, this result was at a dose that had no effect on spontaneous locomotor activity in the absence of amphetamine ( Fig. 2A and Inset in Fig.  2A ), which is in contrast to that seen with antipsychotic drugs including haloperidol and clozapine that cause marked hypokinesia (15, 40) . Blood-brain barrier permeability analysis using lipophilicity and relative hydrophobicity measures revealed that IC87114 readily permeates the blood-brain barrier (C brain / C blood > 2.0). Dopamine D2 receptors, the main target of clinically effective antipsychotic drugs (41) , modulate activity of the protein kinase AKT (42, 43) , which has recently been proposed as a potential mechanism of their therapeutic effects. Antipsychotic drugs antagonize a negative regulator of AKT activity, the D2/β-arrestin 2 complex (44), and result in increased phosphorylation of AKT at the Thr308 residue (45), a site necessary and sufficient to activate AKT. Furthermore, impaired AKT signaling has been reported in the brains and LCLs of patients with schizophrenia (45, 46) . Thus, the ability of antipsychotics to increase AKT signaling may be relevant to a molecular mechanism of therapeutic action. The effect of p110δ modulation on AKT activity in vivo in brain has not been previously addressed. We found that acute treatment with IC87114 significantly increased Thr308 phosphorylation in the mouse brain (Fig. 2B) . These data suggest that targeted inhibition of p110δ may compensate for the effects of hyperdopaminergia by increasing active levels of AKT, supporting a potential role for p110δ-AKT signaling in the treatment of psychosis, without the untoward side effects of D2 blockade.
Pharmacological Inhibition of p110δ (PIK3CD)
Blocks the Disruptive Effects of Amphetamine in a Mouse Model of Psychosis and Increases AKT Thr308 Phosphorylation in Mouse Brain. Amphetamine-induced hyperlocomotion in rodents is a traditional preclinical model for screening antipsychotic drug potential and has been widely used as a rodent model of psychosis-like behavior, related to a hyperdopaminergic state
Pharmacological Inhibition of p110δ Reverses Prepulse Inhibition (PPI)
Deficits in a Rat Neurodevelopmental Model of Schizophrenia. Given the limitations of pharmacological-based models of neuropsychiatric disorders (37), we further examined the therapeutic potential of IC87114, using a neurodevelopmental animal model of schizophrenia. The rat neonatal ventral hippocampal lesion (NVHL) model is a well-characterized animal model of schizophrenia that is not based on a dopaminergic construct (47, 48) and exhibits postadolescent onset of multiple behavioral and neurobiological phenotypes related to schizophrenia (48, 49) . One of the adultonset schizophrenia-like characteristics of NVHL rats is deficits in sensorimotor gating as evidenced by altered PPI of the acoustic startle response, a phenotype that is exaggerated by the dopamine agonist, apomorphine (49) . Here, we confirm that adult NVHL rats have significantly reduced PPI compared with sham-operated controls [ Fig. 2C; F(1, 112) = 9.33, P = 0.003]. The effect of i.p. administration of IC87114 (0.1 mg/kg) on PPI showed a highly significant interaction with lesion status [ Fig. 2C ; treatment * lesion, F(1, 112) = 13.81, P < 0.00001]. Posthoc tests on mean PPI across stimulus strength revealed a highly significant improvement of PPI in NVHL rats [F(1, 56) = 7.3, P < 0.009] and no significant effect on sham-operated rats [F(1, 55) = 7.3, P = 0.085]. These data demonstrate that p110δ inhibition has broad-spectrum antipsychotic potential.
PIK3CD Genetic Association with Schizophrenia. The evidence that PIK3CD is involved in the biochemistry of NRG1/ERBB4 signaling related to SZ, in the current pharmacological treatment of the condition, and represents a potential treatment target raises the possibility that it may also play a primary etiopathogenic role. We therefore investigated PIK3CD for genetic association with schizophrenia. Association was examined in two independent family-based samples with an affected proband and one case-control dataset (Table S1 ). We genotyped 19 SNPs spanning a 92.72-kb region [chromosome (chr)1: 9,618,018-9,710,740] encompassing PIK3CD (77.17-kb gene; chr1, 9,634,390-9,711,563). The SNPs comprised 13 tag SNPs from HAPMAP (rel 22/PhaseII) and 6 SNPs selected in potentially functional domains including known promoters, 5′-and 3′-untranslated regions (UTRs), and conserved noncoding sequences. Single-marker analysis in the Clinical Brain Disorders Branch (CBDB) sibling study (CBDB SS) families revealed nominal evidence for association with schizophrenia to SNPs in the PIK3CD 5′-promoter region (rs6540991, P = 0.05; rs6660363, P = 0.04; and rs4601595, P = 0.05), the 3′-intronic region (rs9430220, P = 0.009), and the 3′-UTR (rs1141402, P = 0.021; rs1135427, P = 0.03; and rs12037599, P = 0.05; Table S1 ). Interestingly, the 5′ and 3′ markers showing association and replication (see below) are in weak linkage disequilibrium (LD) with each other (D′ range, 0.26-0.41; r 2 range, 0.04-0.1), suggesting two independent signals within the gene. Next, we sought to replicate the association in two additional datasets. Association to the same alleles was confirmed for rs6540991 (P = 0.001) and rs9430220 (P = 0.05) in the National Institute of Mental Health Genetics Initiative (NIMH-GI) African-American family sample (Table S1 ). Furthermore, case-control analysis confirmed association of the above SNPs, rs6540991 (P = 0.02) and rs9430220 (P = 0.03) and to the same alleles, in a replication dataset comparing unrelated cases from the SS family data (plus 100 additional cases) to a set of independent unrelated controls (Table S1 ). Twenty-five SNPs in PIK3R3 were also examined for association (Table S2) and none was observed, supporting our hypothesis that alterations in PIK3R3 in schizophrenia are at least in part secondary or compensatory to a primary PIK3CD and ErbB4 involvement in the disorder that includes a role in its genetic risk architecture.
Discussion
Our data identify a genetically regulated signaling pathway associated with schizophrenia that involves NRG1-ErbB4 and the PI3K enzyme, p110δ and demonstrate that targeted inhibition of p110δ increases AKT Thr308 phosphorylation, blocks the behavioral effects of amphetamine in a mouse pharmacological model of psychosis, and reverses PPI deficits in a neurodevelopmental rat model of schizophrenia, implicating it as a previously undescribed therapeutic target. Our results extend previous observations suggesting that a mechanism behind the genetic association of ErbB4 with schizophrenia involves augmented expression of a PI3K-linked, ErbB4 CYT-1 isoform (5,7), and we show that this change impacts expression and function of a specific downstream PI3-kinase target, p110δ and the biochemical function of the NRG1-ErbB4-PI3K-AKT signaling pathway.
In schizophrenia, impaired NRG1-mediated PI3K signaling {i.e., [PI(3,4,5)P3] production} is observed in the context of elevated levels of ErbB4 CYT-1 and PIK3CD expression. This apparent paradoxical relationship is potentially consistent with data showing that augmented expression of ErbB4 suppresses PI3K-dependent tumor growth (50) and that elevated levels of PIK3CD Main effects of lesion status (F = 9.33; P = 0.003) and prepulse intensity (F = 20.78; P < 0.00001) were also observed on PPI, whereby PPI progressively increased with higher prepulse intensities and NVHL rats had reduced PPI compared with controls. n = 9-11 rats per group. Mean ± SEM.
have opposing effects on PI3K signaling compared with other PI3K isoforms (33, 34) , consistent with the suggestion that PIK3CD may function as a tumor suppressor. In keeping with these observations, we show that targeted inhibition of p110δ in brain results in increased AKT regulatory phosphorylation. Furthermore, studies of the ErbB4 interactome suggest that ErbB4 activates fewer pathways than other epidermal growth factor (EGF) family receptors (51) and CYT-1 isoforms exhibit quantitative signaling differences compared with CYT-2, attributable to their high susceptibility to internalization, monoubiquitination, and degradation (52) . In schizophrenia, we propose that the increased expression of ErbB4 CYT-1 receptors and the increased fraction of CYT-1 to CYT-2 in the brain, combined with increased PIK3CD, create a molecular shift toward an attenuated NRG1-ErbB4-PI3K signaling system. This proposal is consistent with evidence showing impaired NRG1-mediated phosphorylation of AKT1 in patient-derived cells included in this study (53) and AKT1 dysfunction in schizophrenia (45, 46) . It is also noteworthy that reduced ErbB3 gene expression is observed in brain and LCLs of patients with schizophrenia (ref. 29 and this study). ErbB3 has six PI3K docking sites (54) and its reduction likely contributes to the attenuated PI3K signaling observed in the disease. The biological basis of ErbB3 reduction in schizophrenia is at present unclear. We found no evidence of genetic association between the ErbB4 risk haplotype and ErbB3 expression or correlations between expression of the genes, suggesting that changes in ErbB3 are likely secondary to other changes in the NRG1-ErbB4 pathway.
A finding of gain-of-function of NRG1-ErbB4 signaling in postmortem brain tissue of patients with schizophrenia (55) is less readily reconcilable with these data. However, the readout in this earlier study pertained to a different ErbB4 physiology (namely, interaction with PSD-95 and NMDA receptors), and moreover, no genetic analyses were conducted.
We also found evidence of genetic association of PIK3CD with schizophrenia. Out of context, the clinical genetic findings are statistically weak and, although replicable, would not survive agnostic correction for all SNPs in the genome. Nevertheless, the consistent and convergent biological data in peripheral cells and in human brain provide strong prior probability for a role of PIK3CD in schizophrenia and the genetic data should be viewed in this context. In aggregate, the findings implicate NRG1-ErbB4-PI3K signaling as being involved in the predisposition to, and pathophysiology of, schizophrenia; as such, they strengthen the evidence for a role of NRG1 and ErbB4 in the disorder and extend this evidence to a specific subunit of PI3K as a key downstream effector.
Finally, as potential therapeutic targets, NRG1 and ErbB4 are challenging because they serve important and essential functions in normal cell physiology and their pharmacological modulation may have deleterious effects. A more favorable strategy may be to identify downstream targetable molecules with more optimum therapeutic potential. Although we cannot attest that elevated expression of PIK3CD causes the pattern of altered NRG1/ErbB4 signaling in schizophrenia, the proof-of-concept that elevated PIK3CD is a targetable pathogenic component is our findings that IC87114 ameliorates schizophrenia-related neurobehavioral phenotypes in two independent animal models. Although the exact mechanism of therapeutic action of IC87114 in these animal models is at present unclear, the evidence that a p110δ inhibitor increases AKT phosphorylation in brain and has broad antipsychotic potential, combined with independent evidence of PIK3CD association with schizophrenia, suggests that PIK3CD also is involved in schizophrenia (and its treatment) independent of its association with NRG1-ErbB4 signaling. Rationally designed drugs directly targeting p110δ may therefore promise greater efficacy and fewer side effects than current neuroleptics. In summary, our results provide a foundation for future investigations of p110δ inhibition for the treatment of neuropsychiatric disorders.
Materials and Methods
Human Study Populations. Blood collection and lymphocyte transformation were approved by the NIMH institutional review board, and all donors gave written, informed consent. All subjects were drawn from individuals participating in the CDBD SS, an ongoing investigation of neurobiological abnormalities related to genetic risk for schizophrenia (D.R.W., principal investigator). Thirty-four normal controls (18 Quantitative Real-Time RT-PCR. Gene expression levels were measured by quantitative real-time RT-PCR, using an ABI Prism 7900 sequence detection system with 384-well format (Applied Biosystems) as described previously (7, 18 IC87114 Pretreatment and PPI in the Rat NVHL Model of Schizophrenia. Timed pregnant female Sprague-Dawley rats were obtained at gestation day 15 (Charles River), individually housed, and maintained in a standard 12-h light/dark schedule. Male pups at 7-8 d of age (P7-8) were subjected to bilateral NVHL or sham procedure (SHAM), as previously described (49) . Animals were weaned and subjected to PPI testing at P57-60. Thirty minutes before testing, animals were given injections of either IC87114 (0.1 mg/kg) or vehicle (0.50% DMSO in saline). For detailed information see SI Materials and Methods.
IC87114 and AKT Signaling in Vivo. Eight-week-old C57BL/6J male mice were purchased (Jackson Laboratory) and maintained on a 12-h light/dark cycle, with free access to food and water. IC87114 (0.1 mg/kg) was dissolved in 0.25% DMSO in physiological saline and administered by i.p. injection.
Vehicle-treated mice received an equal volume by i.p. injection of 0.25% DMSO solution in physiological saline. Mice were decapitated after 45-60 min and the brains removed immediately for dissection and protein extraction. Western blot analyses for total AKT1, pAKT-Thr308, and β-Actin were conducted. For detailed information see SI Materials and Methods.
Statistical Analyses. Multiple linear regression and ANOVA (within SPSS version 15.0) were used for analysis of human biological and animal data. Clinical genetic association was conducted using unconditional logistic regression and the family-based association test (FBAT). For detailed information of statistical analyses see SI Materials and Methods. 
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